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Abstract 
Dielectric  Barrier  Discharge  (DBD)  plasma  jets  has  been  studied  extensively  in  recent  years 
because of its wide range of applications. DBD plasmas can be produced using many different gases 
and can  be applied  to  a  broad variety of  surfaces  and substrates.   In  this  work,  we provide  a 
comparison of DBD plasmas generated using argon (Ar), helium (He) and nitrogen (N2), as well as 
their mixtures with water vapor in order to know how some plasma properties are affected by the 
use of different gases. All plasmas were studied in two different conditions, using a transfer plate 
made of a conductive material and using a transfer plate made of an insulating one. We observed 
that the processes of excitation and ionization of nitrogen molecules by direct collisions with Ar or 
He are more evident and significant in He plasmas, which means that He atoms in metastable states 
have greater ability to transfer energy to molecules of nitrogen in the plasma. The collisions of He 
atoms in metastable states with N2 molecules determine the vibrational temperature (Tvib) values in 
He plasmas, while in Ar and N2 plasmas the Tvib values are determined mainly by collisions of 
electrons with N2 molecules.
Introduction
Dielectric Barrier Discharge (DBD) plasma is a non-equilibrium plasma that can be generated at 
atmospheric pressure, both in open or closed environments [Bibinov2001,Chiper2011]. In this kind 
of plasma the discharges are produced between two electrodes with at least one of them covered 
with a dielectric material (glass or ceramic in most cases). DBD plasmas at atmospheric pressure 
are  characterized  by  low  temperature  [Masoud2005,Rajasekaran2012,Bashir2014,Machida2015] 
that is especially important for modification or activation of surfaces of soft materials like polymers 
or biological tissues, without causing damage to them.
Some authors have been studied the use of argon, helium or nitrogen gases separately in 
order to produce atmospheric pressure (AP) plasmas [Xu2008,Wei2011,Khatun2010,Muller2013, 
Hong2008,Walsh2010],  some works  compared AP plasmas  generated  using  two different  gases 
[Massines2003,Xian2010]  and  some  others  studied  plasmas  formed  using  gas  admixtures 
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[Bibinov2001,Sarani2010]. In this work, we provide a comparison of DBD plasmas generated using 
three  different  gases  and its  admixtures  with  water  vapor:  argon (Ar),  argon plus  water  vapor 
(Ar+H2O), helium (He), helium plus water vapor (He+H2O), nitrogen (N2) and nitrogen plus water 
vapor (N2+H2O), in two different conditions: using a transfer plate made of a conductive material 
(conductive case), and using a transfer plate made of an insulating material (insulating case). Since 
the transfer plate is equivalent to the sample holders used in many applications of this kind of 
plasma  [Malecha2013,Slepicka2013,Kostov2014,Nascimento2015],  it  is  important  to  know  the 
influences  of  the  sample  holder  material  in  the  plasma properties.  The comparison of  plasmas 
generated using Ar, He and N2 helped us to understand some mechanisms of energy transfer and the 
main population processes of excited levels of N2 molecules (N2 I) and N2+ ions (N2 II) in the Ar, He 
and N2 plasmas.
To generate the DBD plasma we used a novel device that was built using a 5C22 thyratron 
valve and a ferrite transformer [Machida2015]. The use of a ferrite transformer allowed an increase 
of the 5C22 initial pulse duration from ~200 nanoseconds to ~1 microsecond, keeping the initial 
rise time with a value about 100ns. This results in significantly extended plasma pulses and thus 
improved efficiency of material processing with the plasma. The device can be operated from 5 to 
40kV and can produce from 6 to 300 plasma pulses per second.
Experimental setup
The setup used to acquire the experimental data used to study the DBD plasma is shown in Figure  
1. The part consisting of tubes and electrode represents a transverse section of the DBD reactor.
The device operates as follows: a continuous gas flow is injected inside the PVC tube and 
high-voltage pulses are applied to the electrode inside the glass tube. A primary discharge is formed 
in the region between the glass tube and the PVC tube producing a plasma jet that reaches a transfer 
plate placed at a distance of 5 mm from the end of the PVC tube. The size of the opening in the  
PVC tube from where the plasma jet is extracted, is 10 mm in diameter. The gas flow rate used to 
treat PDMS samples was the same for conductive and insulating cases, fixed at 4 liters per minute.
In order to produce plasma discharges using gases with admixture of water vapor, the water 
vapor is carried by the gas flow using the bubbling method. The vessel with water indicated in the 
dashed part of Figure 1 is present only in experiments with admixture of water vapor, otherwise the 
tube leaving the flowmeter is plugged directly to the PVC tube. 
Measurements  of spectral  emissions  were carried out  using an Andor 303i spectrometer 
equipped with an iStar DH720 iCCD detector. A 150 lines/mm grating was used in order to get an  
overview  of  entire  spectra  and  a  1200  lines/mm  grating  was  used  for  detailed  spectral 
measurements. The light emitted by the plasmas was collected with a cosine lens and transported to 
the spectrometer through an optical fiber. The aperture of the entrance slit was set to 250 µm giving 
us a resolution of (4.45 ± 0.03) nm for the 150 lines/mm grating and (0.418 ± 0.006) nm for the 
1200 lines/mm grating.
Figure  1: Setup  used  to  acquire  data  to  study  the 
DBD plasma. The DBD reactor (PVC tube, glass tube 
and electrode) is  shown in a  transverse section.  Φe 
and  Φi  refer  to  external  and  internal  diameters, 
respectively.  P1  and  P2  are  points  where  voltage 
probes  are  connected  for  voltage  and  current 
measurements. The elements are out of scale.
The  plasma  power  estimates  were  made  using  a  well  known  method 
[Machida2015,Ashpis2012] measuring simultaneously the voltage applied on the electrode and the 
voltage across a shunt resistor R = 47 Ω, which is used to calculate the current using Ohm's law. We 
can define the value of plasma power as the integration of the product between voltage and current 
signals during the time of plasma pulse duration multiplied by the pulse repetition rate f:
P=f∫
0
t
V (t,) I (t ,)dt , (1)
where t is the duration of the plasma pulse. In other words, we are defining the plasma power as the  
energy of  one  plasma pulse  multiplied  by the  number  of  pulses  per  second.  We used a  pulse 
repetition rate f = 60 Hz for all experiments of this paper.
Results
The emission spectra of the plasmas produced with Ar, Ar+H2O, He, He+H2O, N2 and N2+H2O gas 
flows are shown in Figure 2, for the conductive case, and in Figure 3, for the insulating case. The 
spectrums  in  Figures  2  and  3  are  accumulations  of  1500 plasma pulses  acquired  using  a  150 
lines/mm grating.
Emissions from the OH radical (near 308nm) are present in the emission spectra of argon 
and helium plasmas. Some N2 I molecular line emissions are present in the spectra of all plasmas. 
The most intense N2 I molecular line emissions appear at 337.1, 357.7 and 380.5 nm. Detectable N2 
II molecular line emissions can be seen for helium plasma (at 391.4 and 427.8 nm) and for argon 
and argon plus water vapor plasmas (at 427.8 nm) in the conductive case.
Atomic line emissions from hydrogen were observed for Ar+H2O plasma (Hα and Hβ) and 
for He+H2O (Hα) in the conductive case only. An atomic line emission from oxygen (O I at 777.2 
nm) was observed only for Ar+H2O plasma, in both conductive and insulating cases.
The emission spectra of Ar and Ar+H2O plasmas show many atomic Ar lines (Ar I at the 
right end of spectra). When using the He and He+H2O gases, atomic He line emission (He I at 587.6 
nm) appears only for He in the conductive case.
Figure  2: Emission  spectra 
obtained  for  plasmas  produced 
with  gases:  Ar,  Ar+H2O,  He, 
He+H2O, N2 and N2+H2O using a 
transfer  plate  made  of  a 
conductive material.
As can be seen in Figures 2 and 3, the use of water vapor results in reduction of intensities 
of some spectral emissions and complete suppression of others. This may indicate a reduction in the 
power delivered to the plasma with admixtures of water vapor. The use of water vapor did not 
increase the intensity of OH light emission, which is in agreement to the observed in another work 
when there is a high concentration of water vapor in the gas [Sarani2010].
 Comparing figures 2 and 3 we can see that the use of a transfer plate made of an insulating 
material in general results in reduction of intensities of some spectral emissions. But we observed 
that this reduction of intensities of spectral emissions are not significant for the plasmas formed 
with N2 and N2+H2O gases.
Figure  3: Emission  spectra 
obtained  for  plasmas  produced 
with  gases:  Ar,  Ar+H2O,  He, 
He+H2O, N2 and N2+H2O using a 
transfer  plate  made  of  an 
insulating material.
N2 I molecular emission lines (second positive, C3Πu – B3Πg transitions) in the spectral range 
from 365  to  385  nm obtained  for  plasmas  were  used  to  obtain  the  rotational  and  vibrational 
temperatures. The comparison between experimental and simulated curves was used to estimate the 
rotational temperature, that is known to be approximately equal to the gas temperature (T rot ≈ Tgas = 
Tplasma) [Motret2000,Moon2003,Bruggeman2014], as well as the vibrational temperature (Tvib) for 
nitrogen  molecules  in  each  case.  The  simulations  were  carried  out  using  SpecAir  software 
[refSpecAir]. Table 1 summarizes the results achieved for Trot and Tvib, with an uncertainty of 10% 
on each temperature value, in the conductive and insulating cases. As we can see in Table 1, there 
are  no  significant  changes  in  the  values  obtained  Trot and  Tvib when  we alternate  between  the 
conductive and insulating cases.
Table 1: Rotational and vibrational temperatures for N2 for each kind of plasma.
Gas
Insulating transfer plate Conductive transfer plate
Trot (K) Tvib (K) Trot (K) Tvib (K)
Ar 550 1800 550 1800
He 400 2800 400 2820
N2 400 2300 400 2310
N2+H2O 400 2300 400 2300
It was not possible to determine the Trot and Tvib temperatures for Ar+H2O and He+H2O 
plasmas due to too low N2 I emission intensities.
In order to better understand the variation of plasma parameters when different gases are 
used  or  when  we  switch  from the  conductive  to  the  insulating  case,  we  measured  the  power 
delivered to the plasma for all the gases used in this work. Table 2 shows the peak voltage applied 
to the electrode and the power delivered to each kind of plasma.
Table 2: Peak voltage applied to the electrode and power delivered to each kind of plasma.
Gas Voltage (kV)
Power (mW)
Insulating Conductive
Ar 14.0 ± 0.5 128.1 ± 9.7 664 ± 72
Ar+H2O 14.5 ± 0.5 40.9 ± 3.1 551 ± 45
He 15.0 ± 0.5 77.8 ± 5.8 525 ± 39
He+H2O 14.5 ± 0.5 41.5 ± 2.9 133 ± 8.9
N2 30.0 ± 0.5 106 ± 11 195 ± 15
N2+H2O 31.5 ± 0.5 106 ± 10 123 ± 12
From the data in Table 2 it can be seen that the use of Ar provides the best relationship 
between applied voltage and power delivered to the plasma, both in conductive and insulating cases. 
Ar+H2O and He gases,  in  the  conductive  case,  also have  a  good relationship  between applied 
voltage and power  delivered  to  the plasmas.  In  general,  the  addition of  water  vapor  results  in 
reduction of the power delivered to the plasma. The addition of water vapor reduces the electrical 
conductivity of the plasma, limiting the electric current that passes through it  and reducing the 
power delivered to the plasma.
The voltage needed to ignite N2 and N2+H2O plasmas are at least twice the voltage needed to 
ignite the plasmas formed using all other gases. It means that for N2 and N2+H2O gases, a higher 
electric field are required to accelerate electrons with enough energy to generate radicals and active 
species necessary to ionize the gases and ignite the plasmas.
Discussion
If  we  take  into  account  the  applied  voltage  used  to  produce  the  plasmas  and  the  vibrational  
temperatures measured for different plasmas, we can obtain information about the energy transfer 
between electrons and metastable with molecules and relate this to vibrational excitation by electron 
impact or by metastable impact. Excited species of N2 I can be partly generated by energy transfer 
from argon and helium metastable, in addition to the electron excitation. The energy carried by the 
argon and helium metastable are higher than that of energy level of N2 I from the ground state, so 
the argon and helium metastable can transfer energy to the ground state of N2 I to generate excited 
N2 I states [Bibinov2001b, Jiang2014].  The Tvib values obtained for  Ar, N2 and N2+H2O plasmas 
looks to be determined by the intensity of the voltage applied on the electrode, which is higher for 
N2 than for Ar, resulting in a higher Tvib value for N2 and N2+H2O plasmas. The applied voltage 
influences  the  energy  of  free  electrons  in  the  plasma,  increasing  the  vibrational  excitation  by 
collisions with free electrons. But the Tvib values obtained for He plasmas looks to be determined by 
collisions with energetic metastable. When we compare Ar and He plasma in the conductive case,  
we can see that the voltage applied to the plasmas are approximately equal and the same occurs for 
the power delivered to the plasmas,  but the Tvib values obtained for He plasma is considerably 
higher than that for Ar plasma.
Looking to  the temperatures  shown in Table 1 and considering  the  applied voltage and 
plasma power shown in Table 2, we can say that the Trot values are not determined by the applied 
voltage or by the power when different gases are used. For example, the voltage applied to the N2 
plasma is twice that applied to the He plasma and, in the conductive case, the power delivered to the 
He plasma is more than double the power delivered to the N2 plasma, but we obtained the same 
value fot Trot in both cases. The Trot values are related probably to the thermal conductivity of the 
gas used. 
The main difference between insulating and conductive cases is that the power delivered to 
the plasma is, in general, much higher in the conductive case. It is simply due to the fact that the 
electric current passing through the plasma is much higher in that case. Then, it is obvious that we 
will always have more power in the conductive case. This difference of power delivered to the 
plasma causes a  change in  the electron energy distribution function (EEDF),  by increasing the 
number of electrons with more energy. This fact can be noted comparing the spectra obtained with 
Ar and Ar+H2O plasmas where we can see that the distribution of intensities of Ar I emission lines 
changes when the transfer plate is a conductive or an insulating.
The  differences  in  the  plasma  power  also  results  in  the  appearance  of  some  spectral 
emissions like the N2 II for the Ar plasma, Hα and Hβ for the Ar+H2O plasma and He I for the He 
plasma, and changes in the intensities of emissions like Ar I in the Ar and Ar+H2O plasmas and OH, 
N2 I and N2 II in the He plasma.
For the He plasma, we can note that the intensities of N2 I lines in relation to N2 II lines are 
higher in the conductive case.  We also note that the distribution of intensities of N2 I  lines are 
practically the same in both cases  and the same occurs  with N2 II  lines.  The first  fact  can be 
attributed to the changes in the EEDF.
Interesting about the pure nitrogen plasma is that the intensities of N2 I emissions, and also 
its distribution, do not changed too much when switching from the conductive to the insulating 
case, as well as the values obtained for Trot and Tvib. It means that the EEDF and the plasma power 
do not have strong influence on such parameters for N2 plasma.
The comparison between nitrogen plasma spectrums in the insulating and conductive cases 
shows us clearly that the intensities of N2 I emissions does not have dependence on the plasma 
power. The power in the conductive case is almost twice the insulating case, but the intensities of N2 
I emissions are practically the same in both cases. The relative intensities of N2 I peaks also remains 
the same and it indicates that the ohmic heating does not change the EEDF in the N2 plasma.
Another important parameter influencing the plasma behavior and the EEDF is the electric 
field strength E. The reduced electric field strength E/n, where n is the gas number density, can be 
estimated using  the  ratio  between intensities  of  N2 II  and N2 I  emissions,  I(N2 II)  and I(N2 I) 
[Paris2005], and a change in this ratio indicates a change in the reduced electric field strength – the 
higher the ratio I(N2 II)/I(N2 I), higher the E/n value. Looking to the He plasmas in the Figures 2 
and 3, we note that the ratio between intensities of N2 II and N2 I emissions are clearly different in 
the  conductive  and insulating  cases.  For  example,  in  the  insulating  case  the  ratio  I(N2 II,  391 
nm)/I(N2 I, 337 nm) is twice the same ratio in the conductive case. The intensity of E depends only 
on the voltage applied to the electrode and the distance between the powered and ground electrodes, 
and these parameters were kept constants when switching from the conductive to the insulating 
case. So, we can say that the gas number density is modified when we change from the conductive 
case to the insulating case,  and the gas number density is  larger in the conductive case,  which 
reduces the value of E/n. 
Another interesting point to be noted with the observation of ratios between intensities N2 I 
and  N2 II  emissions  is  when  we  compare  the  emission  spectra  of  Ar  and  He  plasmas  in  the 
conductive case (Figure 2), the ratio I(N2 II, 428 nm)/I(N2 I, 419 nm) in the He plasma is much 
higher than in the Ar plasma. It indicates that the use of different gases also leads to a change in the 
reduced electric field in the plasma. Note that the applied voltage differs only a few percent for the 
two gases, therefore the intensity  E does not change so much. Then, in this case we also have a 
reduction in the value of E/n and it means that the gas number density is larger for the Ar plasma.
Figure 4 shows photos of He plasmas in the conductive (a) and insulating (b) cases and also 
a photo of Ar plasma (c) in the conductive case. In these photos we can see that the plasma volume 
(VP) are different in all cases, being VP(Heconductive) > VP(Heinsulating) > VP(Arconductive), and this explains 
the relationship n(Arconductive) > n(Heinsulating) > n(Heconductive).
(a) (b) (c)
Figure 4: Photos of plasmas: a) He, conductive case; b) He, insulating case; c) Ar, conductive case.
Looking to the distribution of intensities of Ar I lines in Ar and Ar+H2O plasmas for the 
conductive case, we can say that the EEDF does not change significantly when water vapor is added 
to the argon gas. But for all other cases there is a change in the distribution of intensities of all line 
emission when water vapor is added to a gas. This is due mainly to the reduction of the power 
delivered to the plasma, followed by a change in the EEDF.
Looking to the intensities of N2 I and N2 II molecular line emissions, we can see that they 
are higher in the He plasma, in both conductive and insulating cases. This fact indicates that the 
populations of electrons in the upper levels of N2 I and N2 II are affected by the energy transfer from 
He metastable.
Penning ionization (HeM + N2 → N2+ + He + e or ArM + N2 → N2+ +Ar + e, where M denotes 
the element is in the metastable state) [Massines2003, Muller2013] is the dominating process in 
order to produce N2+ molecular ions for both Ar and He plasmas. There is no evidence of penning 
ionization in N2 plasma, which indicates that the metastable states of N2 molecules are not able to 
realize  the  reaction:  N2M +  N2 → N2 +  N2+ +  e, like  occurs  in  nitrogen  afterglow discharges 
[Guerra2003]. Since in plasmas generated with N2 and N2+H2O gases there are no other elements in 
sufficient  quantity  with  energetic  metastable  colliding  with  N2 molecules,  we can  say that  the 
excited levels of N2 I molecular bands are populated only by direct electron impact excitation for 
these plasmas.
Conclusions
The changes in the plasma power due to an increase of electric current does not affect the values of 
Trot and Tvib. This indicates that ohmic heating does not affects these molecular parameters. This fact 
indicates that the additional power delivered to the plasma is absorbed by electrons and ions, but not 
by the molecules.
When an insulating or a conductive material is used as the transfer plate, not only the plasma 
power and the EEDF are changed, but the reduced electric field strength, and its spatial distribution, 
is also modified. From the changes in the ratios between intensities of N2 II and N2 I emission lines, 
we can infer that the use of different gases also leads to modifications on the reduced electric field 
strength.
Excitation  by  direct  collisions  between  Ar  or  He  atoms  in  metastable  states  with  N2 
molecules influences the emission spectra of N2 I and N2 II, but  this process is more evident and 
significant in He plasmas. The collisions of He metastable with N2 molecules also determines the 
vibrational temperature in He plasmas.
It is not the power nor the applied voltage that determines the rotational and vibrational 
temperatures when different gases are used.
Radicals  and  active  species  are  generated  by  collisions  with  the  high  energy  electrons 
accelerated by the strong electric field in N2 plasmas.
Further studies are being considered in order to determine the influence of plasma power in 
translational  and  electron  temperatures  of  DBD  plasmas.  The  correct  measurements  of  these 
parameters requires absolute intensity calibration of the spectrometer.
Acknowledgements 
This work was supported by CAPES and CNPq.
References
[Bibinov2001] N K Bibinov, A A Fateev, K Wiesemann, “Variations of the gas temperature in He/N2 
barrier discharges” Plasma Sources Sci. Technol. 10 (2001) 579
[Chiper2011] A S Chiper, W Chen, O Mejlholm, P Dalgaard and E Stamate, “Atmospheric pressure 
plasma produced inside a closed package by a dielectric barrier discharge in Ar/CO2 for bacterial 
inactivation of biological samples”, Plasma Sources Sci. Technol. 20 (2011) 025008
[Masoud2005]  N  Masoud,  K  Martus,  M  Figus  and  K  Becker,  “Rotational  and  Vibrational 
Temperature Measurements in a High-Pressure Cylindrical Dielectric Barrier Discharge (C-DBD)”, 
Contrib. Plasma Phys. 45 (2005) 30
[Rajasekaran2012] P Rajasekaran,  N Bibinov, P Awakowicz,  “Quantitative characterization of a 
dielectric barrier discharge in air applying non-calibrated spectrometer, current measurement and 
numerical simulation”, Meas. Sci. Technol. 23 (2012) 085605 (8pp)
[Bashir2014] M Bashir, J M Rees, S Bashir, W B Zimmerman, “Characterization of atmospheric 
pressure microplasma produced from argon and a mixture of argon–ethylenediamine”, Phys. Lett. A 
378 (2014) 2395
[Machida2015] M Machida, “Ferrite Loaded DBD Plasma Device”, Braz. J.  Phys. 45 (2015) 132
[Isola2014] L Isola, M López, B J Gómez, V Guerra, “On the influence of metastable states and the 
behavior of the EEDF in the characterization of the negative glow of a N2-Ar discharge by OES”, J. 
Phys. Conf. Ser. 511 (2014) 012013
[Nascimento2016]  F  Nascimento,  S  Moshkalev,  M  Machida,  S  Parada  “Plasma  treatment  of 
poly(dimethylsiloxane) surfaces using a compact atmospheric pressure dielectric barrier discharge 
device for adhesion improvement”, Jpn. J. Appl. Phys. 55 (2016) 021602
[Malecha2013]  K  Malecha,  “A PDMS–LTCC  bonding  using  atmospheric  pressure  plasma  for 
microsystem applications”, Sens. and Actuators B 181 (2013) 486
[Slepicka2013]  P  Slepicka,  N  S  Kasálková,  E  Stránská,  L  Bacáková,  V  Svorcík,  “Surface 
characterization of plasma treated polymers for applications as biocompatible carriers”, eXPRESS 
Polym. Lett. 7 (2013) 535
[Kostov2014]  K  G  Kostov, T M  C  Nishime,  A H  R  Castro,  A Toth,  L  R  O Hein,  “Surface  
modification of polymeric materials by cold atmospheric plasma jet”, Appl. Surf. Sci.  314 (2014) 
367
[Sarani2010] A Sarani, A Y Nikiforov, C Leys, “Atmospheric pressure plasma jet in Ar and Ar/H2O 
mixtures:  Optical  emission  spectroscopy and temperature  measurements”,  Phys.  of  Plasmas  17 
(2010) 063504
[Motret2000]  O  Motret,  C  Hibert,  S  Pellerin  and  J  M  Pouvesle,  “Rotational  temperature 
measurements in atmospheric pulsed dielectric barrier discharge – gas temperature and molecular 
fraction effects”, J. Phys. D: Appl. Phys. 33 (2000) 1493
[Moon2003] S Y Moon, W Choe, “A comparative study of rotational temperatures using diatomic 
OH, O2 and N2+ molecular spectra emitted from atmospheric plasmas”, Spectrochim. Acta Part B 58 
(2003) 249
[Bruggeman2014]  P  J  Bruggeman,  N  Sadeghi,  D  C  Schram  and  V  Linss,  “Gas  temperature 
determination from rotational lines in non-equilibrium plasmas: a review”, Plasma Sources Sci. 
Technol. 23 (2014) 023001
[refSpecAir] http://specair-radiation.net/ (last access in March, 2015)
[Ashpis2012] D E Ashpis, M C Laun, E L Griebeler, “Progress Toward Accurate Measurements of 
Power  Consumptions  of  DBD  Plasma  Actuators”,  NASA/TM-2012-217449  (2012) 
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20120009957.pdf
[Bibinov2001b] N K Bibinov, A A Fateev, K Wiesemann “On the influence of metastable reactions 
on rotational temperatures in dielectric barrier discharges in He-N2 mixtures”, J. Phys. D: Appl. 
Phys. 34 (2001) 1819
[Massines2003] F Massines, P Segur, N Gherardi, C Khamphan, A Ricard, “Physics and chemistry 
in a glow dielectric barrier discharge at atmospheric pressure: diagnostics and modelling”, Surf. 
Coat. Technol. 174 (2003) 8
[Muller2013] S Müller, T Krähling, D Veza, V Horvatic, C Vadla, J Franzke, “Operation modes of 
the helium dielectric barrier discharge for soft ionization”,  Spectrochim. Acta Part B 85 (2013) 104
[Paris2005] P Paris, M Aints, F Valk, T Plank, A Haljaste, K V Kozlov, H-E Wagner, “Intensity ratio 
of spectral bands of nitrogen as a measure of electric field strength in plasmas”, J. Phys. D: Appl. 
Phys. 38 (2005) 3894
[Khatun2010] H Khatun, A K Sharma, P K Barhai, “Experimental Study of Low-Pressure Nitrogen 
Dielectric Barrier Discharge”, Braz. J.  Phys. 40 (2010) 450
[Guerra2003]  V Guerra,  P A Sá,  J  Loureiro,  “Electron  and metastable  kinetics  in  the  nitrogen 
afterglow”, Plasma Sources Sci. Technol. 12 (2003) S8
[Walsh2010] J L Walsh, F Iza, N B Janson, V J Law, M G Kong, “Three distinct modes in a cold  
atmospheric pressure plasma jet”, J. Phys. D: Appl. Phys. 43 (2010) 075201
[Xu2008] G-M Xu, Y Ma, G-J Zhang, “DBD Plasma Jet in Atmospheric Pressure Argon”, IEEE 
Trans. Plasma Sci. 36 (2008) 1352
[Wei2011] G-D Wei, C-S Ren, M-Y Qian, Q-Y Nie, “Optical and Electrical Diagnostics of Cold Ar 
Atmospheric  Pressure  Plasma Jet  Generated  With  a  Simple  DBD Configuration”,  IEEE Trans. 
Plasma Sci. 39 (2011) 1842
[Hong2008] Y C Hong, H S Uhm, W J Yi, “Atmospheric pressure nitrogen plasma jet: Observation 
of striated multilayer discharge patterns”, Appl. Phys. Lett. 93 (2008) 051504
[Xian2010]  Y Xian,  X Lu,  Z Tang,  Q Xiong,  W Gong,  D Liu,  Z Jiang,  Y Pan,  “Optical  and 
electrical diagnostics of an atmospheric pressure room-temperature plasma plume”, J. Appl. Phys. 
107 (2010) 063308
[Jiang2014]  Weiman  Jiang1,  Jie  Tang1,  Yishan  Wang1,  Wei  Zhao1  &  Yixiang  Duan, 
“Characterization of argon direct-current glow discharge with a longitudinal electric field applied at 
ambient air”, Sci. Rep. 4 (2014) 6323
